Humans and other primates are distinct among placental mammals in having exceptionally slow rates of growth, reproduction, and aging. Primates' slow life history schedules are generally thought to reflect an evolved strategy of allocating energy away from growth and reproduction and toward somatic investment, particularly to the development and maintenance of large brains. Here we examine an alternative explanation: that primates' slow life histories reflect low total energy expenditure (TEE) (kilocalories per day) relative to other placental mammals. We compared doubly labeled water measurements of TEE among 17 primate species with similar measures for other placental mammals. We found that primates use remarkably little energy each day, expending on average only 50% of the energy expected for a placental mammal of similar mass. Such large differences in TEE are not easily explained by differences in physical activity, and instead appear to reflect systemic metabolic adaptation for low energy expenditures in primates. Indeed, comparisons of wild and captive primate populations indicate similar levels of energy expenditure. Broad interspecific comparisons of growth, reproduction, and maximum life span indicate that primates' slow metabolic rates contribute to their characteristically slow life histories.
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metabolism | evolution | ecology T he pace at which organisms grow, reproduce, and age must ultimately reflect their physiological energy expenditure; growth of new tissue (self or offspring) and the maintenance and repair of the body all require metabolic investment. In principle, either the total energy budget, also called "total energy expenditure" (TEE) (kilocalories per day), or allocation within the energy budget could change over evolutionary time to fuel changes in life history schedules. Studies of mammalian life history have generally focused on variation in allocation (1-6), in part because of the lack of evidence correlating gross measures of energy expenditure with life history. The basal metabolic rate (BMR) (kilocalories per day), often used as an index of the total energy budget, is unrelated to rates of growth, reproduction, or aging among placental mammals when accounting for the effects of body mass and phylogenetic relatedness (7) (8) (9) . The focus on allocation is also consistent with evidence, albeit mixed, for evolved tradeoffs among metabolically expensive organs (10, 11) and between metabolically expensive organs and reproductive output (12) .
Variation in allocation undoubtedly affects life history schedules, but the use of BMR as a measure of the energy budget may obscure the complementary role of variation in energy throughput. For example, senescence due to the production of free radicals and other metabolic damage is a consequence of TEE, not only the portion expended on BMR (7). Further, because BMR accounts for less than half of TEE for most mammals (13) , analyses of BMR do not reflect the full amount of energy potentially available for growth and reproduction. Indeed, the relationship between BMR and TEE is quite variable, with the ratio of TEE:BMR ranging from less than two to more than seven among mammals (13) .
In this study, we examined TEE among primates and other placental mammals to test the hypothesis that evolved differences in the size of the energy budget contribute to the exceptionally slow life histories of primates. Primates are important points of comparison in life history analyses because they have the longest lifespans and the slowest rates of growth and reproduction of any eutherian Order (1, 2) . Previous analyses have shown that haplorhine primates (apes, monkeys, and tarsiers) have BMRs similar to other placental mammals, whereas strepsirrhine primates (lemurs and lorisiform primates) have BMRs that are marginally lower (14) . BMR does not explain primates' low rates of growth or senescence (7) (8) (9) , and the slow life histories of primates, particularly of humans and other apes, are instead thought to reflect an evolved reduction in energy allocation to growth and reproduction among primates (1, 2) . Before this study there were insufficient data on primate TEE to test an alternative hypothesis: that slow life histories among primates reflect smaller energy budgets.
We measured TEE using the doubly labeled water (DLW) technique (15) (Methods and SI Text, section 1) in chimpanzees (Pan troglodytes), bonobos (Pan paniscus), Western lowland gorillas (Gorilla gorilla), an Allen's swamp monkey (Allenopithecus nigroviridis), common marmosets (Callithrix jacchus), ring-tailed lemurs (Lemur catta), and diademed sifakas (Propithecus diadema), and combined these with published measurements (16-25) for 11 other primate species, including our recent studies of orangutans and
Significance
Measurements of daily energy expenditure indicate that primates, including humans, expend only half of the calories expected for mammals of similar body size. As energy expenditure is central to organismal biology, these results hold important implications for life history, evolutionary biology, and foraging ecology for primates and other mammals. Specifically, we show that primates' remarkably low metabolic rates account for their distinctively slow rates of growth, reproduction, and aging. humans (Table 1, Table S1 ); this primate dataset is taxonomically diverse and captures the full range of body size for the Order. We then compared primate TEE to similar measures in other placental mammals (n = 67 species, Table S2 ) and examined the relationships between TEE, life history traits, and BMR (26) .
Results and Discussion
Primate TEE was only half of that expected for their body mass (mean: 50.4 ± 17.8%; Table 1 ), substantially less than other placental mammals [F(1,82) = 35.3, P < 0.001; Fig. 1 ]. Phylogenetically controlled and traditional statistical analyses indicate that primate TEE is significantly lower than other eutherian mammals (SI Text, section 2). When analysis of covariance (ANCOVA) models are run assuming parallel slopes for primate and nonprimate eutherians, the difference in intercept between primates and nonprimates is significant using both phylogenetic (P = 0.015) or non-phylogenetic models (P < 0.001; Fig. 1 and Fig. S1 ). By contrast, primate BMR was similar to that of other placental mammals (Fig. 1 ), although as in previous studies we found marginally lower BMR among strepsirrhine primates (SI Text, section 2 and Fig. S1 ).
The difference in TEE between primates and other placental mammals tends to increase with body size (Fig. 1 ), but the difference in TEE:Mass slopes between primates and nonprimates did not achieve statistical significance (phylogenetically controlled analysis: P = 0.182; non-phylogenetic analysis: P = 0.104; SI Text, section 2) and is driven largely by the smallest primate in our sample. When mouse lemurs (the only primate species with TEE above the placental trendline) are removed, the difference in TEE:Mass slopes between primate and nonprimate samples does not approach significance (phylogenetically controlled analysis: P = 0.581; non-phylogenetic analysis: P = 0.519; Fig. 1 and SI Text, section 2). We note that mouse lemurs are also the only primate in our sample that regularly undergoes torpor (16) , but this lower metabolic state was excluded from our analyses (SI Text, section 1). Excluding torpid TEE is a conservative approach in our analyses testing for decreased primate TEE. Future analyses might examine how the use of torpor affects average TEE over longer time periods in this species.
Some of the primate populations included here are captive, but the reduction in TEE is simply too great to be explained by differences in physical activity. With TEE only 50% that of other mammals, primates in this sample would need to increase their activity to levels unseen among mammals to approach the habitual energy throughput of other species: traditional Hadza hunter-gatherers would need to run an additional 45 km each day (equivalent to a daily marathon); chimpanzees in our sample would need to travel an additional 48 km/d, more than 10 times the average daily travel distance for wild chimpanzees (SI Text, section 3, Table S3 ). Moreover, TEE measurements among captive and wild populations do not indicate a decrease in TEE for populations raised in captivity, at least in our primate sample. For example, captive lemurs average 20% greater TEE than their wild counterparts (Table 1 ; P = 0.003, t test), which is consistent with the similarity in TEE among hunter-gatherer and Western human populations reported previously (23), the similarity in TEE among US zoo-living chimpanzees and those in large seminatural African sanctuaries, and with similarities in TEE among captive and wild populations of other mammals (SI Text, section 3). Further, long-term studies of food intake among wild populations of mountain gorillas, chimpanzees, orangutans, baboons, and spider monkeys indicate daily energy expenditures similar to measures of TEE in our primate sample (Fig. S2 , Table S4 , and SI Text, section 3). And finally, within our primate sample there was no difference in TEE between captive and wild populations [ANCOVA with Mass: F(1,16) = 0.43, P = 0.52]. Rather than low levels of physical activity, the magnitude of difference in primate TEE suggests a systemic reduction in cellular metabolism.
Residual TEE and BMR were correlated among species (SI Text, section 2 and Fig. S3 ), but BMR and TEE did not show the same pattern of variation for primates and nonprimates ( Fig. 1 and Figs. S1 and S2). Primates have greater BMR, relative to TEE, than other placental mammals (Fig. S3) , which may reflect the metabolic cost of their larger brains. A systemic decrease in cellular metabolic rates would be expected to reduce both TEE and BMR among primates, and indeed both TEE and BMR are lower in less-encephalized strepsirrhine primates than in nonprimate placental mammals (ref. 14; Fig. 1 and Fig. S1 ). The (Fig. 1) . See Table S1 for additional data.
increase in brain size in haplorhine primates (apes and monkeys) may have subsequently increased their BMR to the level seen in other placental mammals. Regardless, BMR, like physical activity, does not explain primates' large reduction in TEE. Instead, some third component of TEE, separate from BMR and physical activity, may be influencing metabolic differences between primates and other mammals. One hypothesis is that variation in the circadian fluctuation in cellular metabolic rates (27, 28) leads to variation in TEE that is independent of BMR (which is measured at the nadir of metabolic activity) and physical activity. This view is consistent with the wide range of TEE:BMR ratios observed among mammals (13) .
Low TEE accounts for much of primates' slow life histories. Current life history frameworks (refs. 1-6; SI Text, section 4) model an organism's rate of production (either growth or reproduction) as a power-law function of its size,
where M is body mass, t is time, a is relatively invariant across species, and the exponent c is generally ∼0.75. As noted above, relative to body size (M) primate life histories are slower than in other mammals (Fig. 2 A-C) . However, Eq. 1 can be rewritten in terms of TEE as
where TEE is a power-law function of body mass such that TEE = b·M c , h is the percentage of TEE allocated to production, and σ is a constant relating tissue growth to energy investment, (grams per kilocalories). In this case a = σ·h·b. Reformulating Eq. 1 this way allows us to consider the effects of allocation (h) and energy throughput (TEE) separately. Following Eq. 2, growth (grams per day) and reproductive output (grams per day) are expected to increase with TEE. Both predictions are borne out; primate reproductive output and growth rate are similar to those of other eutherian mammals when plotted against estimated TEE (Fig. 2) . Differences in TEE also account for long primate lifespans. If senescence is a function of accumulated metabolic damage (3, 7), then mortality rate should increase with the cellular metabolic rate. Assuming the number of cells per gram of body mass is essentially constant across species, cellular metabolic rate (kilocalories per cell per day), and thus mortality rate, should be proportional to estimated TEE/M. Conversely, maximum life span would be expected to increase with M/TEE (i.e., the inverse of mortality rate), consistent with our findings (Fig. 2) . Our results do not diminish the importance of variation in allocation (h in Eq. 2) in shaping life histories. TEE is correlated with growth, reproduction, and senescence among mammals after controlling for body mass, but only the relationship with reproduction remains significant after controlling for phylogenetic relatedness (Figs. S4 and S5 , SI Text, section 5). This lack of a strong correlation between TEE and life history traits likely reflects variation in energy allocated to production and maintenance (7, 29) . That is, the grade shift in primate life histories may reflect a similar shift in throughput (TEE), whereas variation at finer phylogenetic scales (e.g., between species) may be largely driven by differences in allocation (h). Results here underscore the need to integrate TEE and allocation in models of mammalian life history evolution. Such an approach has already proven useful in studies of tropical birds, whose slow life histories are reflected in lower metabolic rates and increased investment in somatic maintenance (30) .
Primates' remarkably low TEE holds broad implications for their ecology (3), and untangling proximate physiological mechanisms and ultimate evolutionary causes involved will require additional work. Initial work on orangutans suggested that reduced TEE was an evolved strategy to reduce the risk of starvation in unpredictable environments (24, 31) , but it is unclear whether this explanation holds more broadly for the Order. Humans fit the primate pattern of low TEE (Table 1) , consistent with our species' slow growth and long lifespans. Results here indicate intriguing variation in TEE for humans and apes (percent expected values in Table 1 ), but additional measurements of ape TEE are needed to test hypotheses regarding the evolution of energy expenditure and life history with adequate statistical power. Previous work in hominoid energetics has focused on evolutionary changes in allocation (10) (11) (12) , but changes in throughput may have also been critical in shaping our lineage.
Methods
TEE for healthy, adult, nonpregnant, nonlactating adults was calculated using the DLW method (15) 2 18 O to achieve recommended initial enrichments for their body mass (15) . Doses for chimpanzees, bonobos, gorillas, and the Allen's swamp monkey were administered orally (24) . Doses for marmosets and diademed sifakas were injected s.c. For most subjects, urine samples (ad libitum; one before dosing and two to four postdose) were pipetted from clean, dry collection surfaces and frozen (−5°C) until analysis using gas-isotope mass spectrometry or cavity ring-down spectroscopy; in some cases blood or saliva samples were used. The slope-intercept method was used to calculate the rates of 2 H and 18 O depletion, and the rate of CO 2 production was calculated using equation 17.15 in ref. 15 . TEE was then calculated using estimated food quotients (FQs) of 0.95 for gorillas, chimpanzees, and the Allen's swamp monkey; this estimate is based on similarity with diets of known FQs for marmosets (0.94, this study) and orangutans (0.95, ref. 24 ). An FQ of 0.90 was used for diademed sifakas following values for other strepsirrhines (17) . See SI Text, section 1 for additional details.
